Mycoplasmas are the smallest known free-living form of life, and differ from bacteria in a number of characteristics. They are widely distributed in the animal kingdom and may give rise to both acute and latent infections as well as being present as normal flora. The three principal rodent pathogens so far described are Mycoplasma pulmonis, Mycoplasma arthritidis and Mycoplasma neurolyticum. The diseases associated with these organisms are discussed.
Mycoplasmas
are important animal pathogens and are responsible for diseases that are of great economic importance as well as of scientific interest. Considerable epizootics of contagious bovine pleuropneumonia occurred in the eighteenth and nineteenth centuries in Europe, and the disease was spread to Australia, South Africa and North America in the mid-nineteenth century. In 1898 Nocard, Roux and their collaborators first isolated the agent responsible for this disease-the pleuro-pneumonia organism from which other mycoplasmas isolated in subsequent years derived the name 'pleuropneumonialike organism', or PPLO. This organism is now known as Mycoplasma mycoides.
The disease was eradicated with difficulty from North America and all of Europe except the Iberian Peninsula.
However, bovine pleuropneumonia is still enzootic in Australia and Africa.
Not only do cattle suffer from pleuropneumonia but there is a similar disease of goats which also occurs on an epizootic scale. Animals suffering from pleuropneumonia may be acutely ill but subacute and latent infections also occur and play an important part in the spread and perpetuation of the disease.
The organism from animals suffering from bovine pleuropneumonia was first grown in vivo in a collodion sac placed in the peritoneal cavity of a rabbit, but was later grown in broth.
In 1900 the morphology of the organism when grown on solid medium was described by Dujardin-Beaumetz (cited in Klieneberger-Nobel, 1962) , the characteristic appearance of a colony with a dark centre and lighter periphery being illustrated.
The detailed microscopic morphology of these organisms was described later but the greatest advances came with the introduction of the electron microscope.
It was not until twenty-five years after the isolation of the organism responsible for bovine pleuropneumonia th at the next mycoplasma was isolated, that causing another epizootic and economically important disease, infectious agalactia of sheep and goats. This organism, Mycoplasma agalactiae, causes not only mastitis, with replacement of the milk by a purulent secretion, but also eye and joint lesions.
Since the isolation of these important organisms, mycoplasmas have been isolated from many animal species including man, although it was not until the recognition by Marmion & Goodburn (1961) that the organism causing primary atypical pneumonia in man might be a mycoplasma, and its isolation in 1962 by Chanock, Hayflick & Barile, that mycoplasmas were clearly defined as causative agents of human disease.
NATURE OF MYCOPLASMAS
They are the smallest known free-living form of life, reproducing in a cellfree medium. Their size varies from that of the smallest particle, the minimal reproductive unit of about 125-150mllm in diameter, to the fully developed form which may measure a micrometre or more in length. The size of the minimal reproductive unit is well within the virus range and explains why mycoplasmas have been mistaken for viruses on a number of occasions. It seems that mycoplasmas have a life cycle, the minimal reproductive units arising from the fully developed form by segmentation or by constriction of filaments. The minimal reproductive units then grow into new fully developed forms. Mycoplasmas have no rigid cell wall but are bounded by a triple layered cell membrane consisting of two electron-dense layers separated by a less dense layer. Because of this lack of a rigid wall they are pleomorphic in appearance and this, together with the filaments which are frequently seen, gave rise to the name mycoplasma ('fungus-form'). On a solid medium mycoplasmas exhibit a typical colonial morphology due to the fact that they tend to grow down into the agar. When viewed by transmitted light using low-power microscopy they have a typical 'fried egg' appearance due to the thicker centre of the colony being darker than the less dense periphery. This appearance is not seen in young colonies of M. pneumoniae(the causative agent of primary atypical pneumonia), which show a 'mulberry-like' appearance instead-there being little or no pale periphery-and is sometimes not obvious in young colonies of M. fermentans (a mycoplasma originally isolated from the human genito-urinary tract). Some mycoplasmas, designated 'T' strains (Shephard, 1954) , form very tiny colonies (l0-25Ilm in diameter, compared with large colony mycoplasmas which may grow up to 600 /lm or more in diameter) but these still show the typical mycoplasma morphology. Because they grow down into the surface of the medium, mycoplasma colonies cannot be scraped off the surface of an agar plate, although naturally any growth above the surface, or any accumulation of calcium or magnesium soaps (formed by some strains) will be removed in this way. Bacterial colonies can be removed by scraping the surface of the culture medium with a loop, and may also be differentiated by the fact that whereas mycoplasmas take up and retain Dienes' stain (Dienes, 1939) , bacterial colonies decolourise it. The growth removed from solid medium by a loop will show bacterial forms on staining with Gram's stain if the growth consists of bacteria, whereas with mycoplasmas only amorphous debris will be seen.
Most mycoplasmas require serum to be incorporated in the culture medium for growth and for some species such as M. pneumoniae twenty per cent of unheated horse serum is necessary. Some saprophytic species do not require serum. One of the reasons for this serum requirement is that mycoplasmas require sterols (which form an important component of the cell membrane) and fatty acids which they cannot synthesize (Smith, 1964) . Mycoplasmas possess a wide variety of enzymes and the metabolism of some of these organisms has been studied in detail. Three important metabolic activities are the ability of many species to split arginine to ammonia, of some to produce acid from glucose, and of T strains to split urea. These activities have formed the foundation of tests for antibody to mycoplasmas, based on the ability of antibody to inhibit the growth of mycoplasmas and hence their metabolism of one of these three substances (Taylor-Robinson, Purcell, Wong & Chanock, 1966; Purcell, Taylor-Robinson, Wong & Chanock, 1966a , 1966b .
The ability of antiserum to inhibit the growth of mycoplasmas is important in the identification and classification of these organisms.
Inhibition of growth by incorporation of antiserum in the medium was described by Edward & Fitzgerald (1954) . The test was later modified by Clyde (1964) who placed the antiserum on a filter paper disc (of the type used for antibiotic sensitivity tests) and then placed the disc on to a plate of solid medium freshly inoculated with mycoplasma culture.
If the mycoplasma belongs to the species against which the antiserum was prepared, a clear zone devoid of growth will be seen around the disc after the culture has been incubated long enough for colonies to appear elsewhere on the plate.
Complement-fixation tests have been used with considerable success in the serological classification of mycoplasmas (Lemcke, 1964) and gel diffusion (Lemcke, 1965; Taylor-Robinson, Somerson, Turner & Chanock, 1963; Taylor-Robinson, Sobeslavsky & Chanock, 1965; Fallon & Jackson, 1967) as well as metabolic inhibition tests (Purcell et al., 1967; Fallon & Jackson, 1967) can be used, especially for intra-species differentiation.
Agglutination tests have also been used in the classification of mycoplasmas.
Complementfixation and disc neutralisation tests are species specific. Although undiluted high-titre serum is needed for the disc neutralisation test, its simplicity com-mends it as the method of choice for identification of a newly isolated mycoplasma.
Furthermore, this test may reveal that a culture actually contains a mixture of mycoplasma species, because in this case colonies may be seen inside the zone of inhibition around the serum disc.
Care must be taken to ensure that an organism grown on mycoplasma medium is in fact a mycoplasma, as exposure to penicillin (which is incorporated in the medium) is one way of inducing L forms in bacteria.
Subculture to antibiotic-free medium should be made in order to see if bacteria are present.
Also the ability of the new isolate to grow on serum-free medium should be tested, as mycoplasmas other than saprophytic forms are unable to grow in the absence of serum.
Biological tests, such as fermentation tests and examination for haemolysis of erythrocytes of guinea-pig and other animals, provide useful information, but the final classification is serological. Gel diffusion and metabolic inhibition tests will differentiate mycoplasma species into subtypes, and this has been done with M. hominis type I (Taylor-Robinson et al., 1963; Purcell et at., 1967) , T-strain mycoplasmas (Purcell et al., 1966b) and M. pulmonis (Fallon & Jackson, 1967) .
DISTRIBUTION OF MYCOPLASMAS
Mycoplasmas have been isolated from a wide variety of birds and mammals, including man, and also from sewage. They may be associated with serious disease in cattle, sheep, goats, pigs and poultry or they may be part of the normal flora of either the respiratory or genito-urinary tracts.
Until recently mycoplasmas isolated from such animals all belonged to those species which produce a normal sized colony on solid medium.
Recently, however, T-strain mycoplasmas have been isolated from the genito-urinary tract of cattle (Taylor-Robinson, Haig & Williams, 1967) .
Mycoplasmas also occur as contaminants in tissue cultures, usually of continuous cell lines where there is ample opportunity for contamination during subculture.
Likewise, mycoplasmas can contaminate primary cell lines where the material being cultured is passaged serially from culture to culture.
Jnapparent infection of tissue cultures and animals is a serious source of error in experimental work because the nature of the experiment for which the tissue culture or animal is used may be such that the hitherto latent mycoplasma infection now produces recognisable changes-either a cytopathic effect in tissue culture or disease in animals (see Klieneberger-Nobel, 1962, p. 15 ). The mycoplasmas isolated from tissue cultures are sometimes human strains and have a very obvious association with the workers handling these cultures. Other mycoplasmas isolated from tissue cultures have been found to be related to organisms hitherto only recognised as animal mycoplasmas.
Hence the acid producing 'G.D.L.' organism of Butler & Leach (1964) has recently been shown (Purcell et al., 1967) to be serologically related to M. hyorhinis, a pig pathogen, and Tully (1966) has reported the isolation of another porcine strain, M. granularum, from tissue culture. Contamination of cultures by such mycoplasmas is difficult to explain unless one postulates that they may occur in humans or as filter-passing contaminants in biological materials, such as serum, which are used in tissue culture medium.
RODENT MYCOPLASMAS
Latent infections in rodents have frequently been the cause of false results in experimental animal work. Many strains of mycoplasmas have been isolated from rats and mice, most of them belonging to one of three species: M. pulmonis; M. arthritidis; M. neurolyticum.
Mycoplasma pulmonis
This species was first recognised as a pleuropneumonia-like organism by Klieneberger & Steabben (1937) who isolated it from the lungs of rats with a typical bronchiectatic lesion. These rats were all over one year in age and 17 of 19 tested yielded the organism, which was designated L 3. The organism could not be isolated from normal rats. In a further communication (KJieneberger & Steabben, 1940) these workers noted the close association between the L 3 organism and the lung lesions in their rats. The proportion of rats with lung lesions was found to increase with age as did the isolation rate of the organism from the rats. Attempts to produce disease with the L 3 organism at this time failed. Earlier, Klieneberger (1938) had shown that all strains of pleuropneumonia-like organisms isolated from rat lungs were serologically homogeneous when examined by the agglutination reaction. Although the rats in Klieneberger's stock regularly developed lung lesions by the time they were two years old, it was found possible to induce overt infection at an earlier age by stressing the rats, either by operation or by exposure to low temperature (Klieneberger-Nobel, 1962) . Furthermore, Klieneberger-Nobel & Cheng (1955) showed that following bronchial ligation the L 3 organism rapidly invaded the lung. They postulated that the organism may have been carried into the lung from the nasopharynx during intubation for anaesthesia and it was shown subsequently (Klieneberger-Nobel, 1962 ) that, as had been demonstrated previously in mice (Edward, 1947) , the nasopharynx was infected with mycoplasmas even at the weanling stage. Rats born by caesarian section were not found to have mycoplasmas in the nasopharynx.
A further indication of the association of the mycoplasmas with rat lung lesions was provided by Lemcke (1961) who showed, both in rats and mice, that the titre of complement-fixing antibodies to M. pulmonis rose with the severity of the infection. Nelson & Gowen (1930) had observed that albino rats were particularly susceptible to infections of the lung and middle ear; the infection rates were higher in older rats. A similar combination of middle ear and pulmonary disease was also observed by Nelson (1937a) in mice.
Many years previously
In his description of infectious catarrh in a mouse colony the mice presented with typical signs of 'chattering' (a sound originating from the lower respiratory tract), snuffling, and rubbing of the nose with the paws. Nearly all these mice showed rhinitis and a few showed pneumonia at necropsy. Fourteen of fifteen mice examined showed otitis media post mortem, and exudate from the middle ear or ground-up pneumonic lung administered intranasally to other mice produced the complete disease picture.
The natural disease spread by direct contact from infected animals to susceptible animals.
Diseased mice did not infect susceptible mice kept in a separate cage even if the cages were close together.
At this time Nelson (I937b) observed coccobacillary bodies in exudates from infected mice and was able (1937c) to reproduce disease with tissue culture passages of the purulent material. Edward (1940) demonstrated that Swiss mice from the stock used by Nelson yielded a mycoplasma, as did lungs from apparently normal mice. In 1947
Edward isolated mycoplasmas from the lungs and middle ears of mice with infectious catarrh, and was able to reproduce disease in mice by intranasal inoculation with material which had been passaged in cell free medium. Nelson (1948) was able to produce disease in albino rats by intranasal instillation of a suspension of lung or middle ear exudate from mice with infectious catarrh. Most rats developed rhinitis and otitis media, and 30 per cent developed pneumonia. Edward (1954) observed that the mycoplasmas isolated from mice with infectious catarrh resembled those isolated from rat lung both in their cultural properties and in their ability to produce abscesses when inoculated subcutaneously with agar into mice. Finally, in 1964 Lemcke, using the complement-fixation test, showed that a selection of strains from both rats and mice belonged to the same serological group and were all, in fact, M. pulmonis. Tully (1965) has shown that the organism isolated by Nelson (1937a) was also a strain of M. pulmonis.
Recently Lutsky & Organick (1966) have shown that intranasal inoculation of gnotobiotic mice with a culture of M. pulmonis produced pneumonic lesions in 50 of 73 animals.
Over the years, therefore, the close relationship between the respiratory disease produced by mycoplasmas in rats and that in mice has been emphasized, and finally it has been established that the mycoplasmas involved belong to the same species.
However, the problem remains as to why an organism, present in the respiratory tract from birth, should ultimately give rise not only to otitis media but also to pneumonia.
The work of Klieneberger-Nobel (1962) , demonstrating that stress will induce overt infection earlier in life than is usually the case, suggests that many factors could play a part in upsetting the equi-Iibrium between host and parasite thus initiating the development of pulmonary and other lesions. Nelson (1962) regards chronic respiratory disease in rats and mice as a complex of two separate diseases-mycoplasmal infectious catarrh and enzootic bronchiectasis induced by a virus. These may be present together in a rodent colony, or either agent may be present alone. Because of the transmission of disease to weanlings from the mother, caesarian section with foster-mothering of the young by disease-free animals was adopted by Nelson as a method of controlling the disease in his mouse colony.
Mycoplasma arthritidis
First isolated by Klieneberger (1938) , who cultured it from the swollen submaxillary gland of a rat. This organism was designated L 4 and was serologically distinct from the L 3 organism.
It was found that when this organism was injected intravenously with agar into rats and mice, or into their footpads, polyarthritis was produced.
Subcutaneous injection produced diffuse abscesses.
Findlay, Mackenzie, MacCallum & Klieneberger (1939) described the isolation of a pleuropneumonia-like organism (L 7) directly from the joints of affected rats and showed that when the organism was injected, with agar, into the footpad of rats, polyarthritis was produced. This was indistinguishable from the arthritis produced by the L 4 organism. Klieneberger (1939) showed that the L 4 organism was the same as the filterable agent isolated by Woglom & Warren (1938) from bacteriologically sterile abscesses which developed in rats following subcutaneous inoculation with emulsions of a rat sarcoma.
Beeuwkes & Collier (1942) compared a transmissible arthrotropic agent isolated from a rat with arthritis, with a similar arthrotropic agent isolated from rats inoculated with material from a patient with rheumatic fever, and showed both agents to be mycoplasmas.
They were probably strains of M. arthritidis.
The natural disease in rats most commonly affects the tibiotarsal and radio-carpal joints and is accompanied by a polymorphonuclear leucocytic exudate into the joint.
M. arthritidis is of interest not only because it is a strain which has given rise to false findings in experimental work in rodents, but also because an organism believed to be a human pathogen, M. hominis type 2, was shown to be serologically indistinguishable from M. arthritidis by the complementfixation test (Lemcke, 1964) . In view of this latter finding Edward & Freundt (1965) proposed that certain strains of mycoplasmas designated as M. hominis type 2 should be regarded as M. arthritidis.
This latter paper gives a number of examples of the ease with which strains of mycoplasma can contaminate one another and illustrates how serious errors may easily arise when working with these organisms.
Mycoplasma neurolyticum
M. neurolyticum was recognised in 1938 when the brains of mice with rolling disease were cultured on medium suitable for the isolation of mycoplasmas.
The organism isolated was designated L 5 at the time (Findlay et al., 1938) .
In this article it is stated that rolling disease had first been recognised by Findlay in 1933 as arising in mice used for serial passage of material by the intracerebral route.
He again observed it in 1937 and it was at this time that the possibility of it being a mycoplasma infection was considered.
Rolling disease was also seen by Sabin (1938a) during the intracerebral passage in mice of a strain of toxoplasma. As the causal agent was filterable he believed he had discovered a new virus, but subsequently (Sabin, 1938b) recognised the agent as a mycoplasma. The L 5 organism did not cause disease if only a broth culture was inoculated intracerebrally: the presence of brain or agar in the inoculum was required before rolling disease developed.
Seventy-five per cent of mice infected with rolling disease died of an acute infection, there being intense polymorphonuclear infiltration of the floor of the lateral ventricle and of the choroid plexus and meninges.
Half of the 25 per cent which survived developed acute hydrocephalus.
The disease is characterised by the mice rolling over sideways perhaps up to fifty times and is another example of latent infection which can be stimulated by experimental procedures. Nelson (1950) reported the isolation of a mycoplasma from mice with mild conjunctivitis.
The mycoplasma was isolated from the nasal passages as well as the conjunctivae of his mice, and was transmitted by direct contact of infected and susceptible mice in the same cage. This mycoplasma was noted to have a typical colonial morphology characterised by radial striations. This mycoplasma was shown by Tully (1965) , using the indirect fluorescent antibody technique, to be serologically identical with other strains of M. neurolyticum.
It is interesting that some strains of this organism produce an exotoxin which is lethal in three to five hours when injected intravenously into mice and rats under the age of six weeks. In mice, death is preceeded by rolling disease, whereas rats show lethargy, slow rotation, limb oedema and paralyses (Tully, 1964) . On injection washed organisms are as toxic as the toxic filtrate.
Other species
Other mycoplasmas have been isolated from rodents apart from the three principal named species. Sabin (1941) described several strains which he designated types C, D and E. He grouped these under the broad species name of Musculomyces histotropicus despite the fact that these strains were serologically distinct. Type C was isolated from the lungs of mice which had previously received various materials intranasal/yo It produced progressive arthritis in mIce following intravenous injection. Tully (1965) confirmed that this organism was a distinct serotype and has proposed that it should be the neotype of a new species, Mycoplasma histotropicus.
Another strain examined by Tully (1965) , the PG-5 strain, was derived from the lung of a rat with pneumonia. This organism was found to be serologically distinct from M. pulmonis and may represent another species.
The isolation of mycoplasmas from rabbits has recently been reported by Deeb & Kenny (1966) .
DISCUSSION
Three main serotypes of mycoplasmas have been isolated from rodents, and another serologically distinct species has been proposed. Some other strains are not completely identical with the existing prototype strains when examined using the complement-fixation test. Hence Lemcke (1964) found that three rat strains of mycoplasmas isolated from rhinitis, middle ear and an abscess respectively were only partially related to M. arthritidis, so that subtypes may well exist. Other tests may well show the existance of subserotypes not revealed by the complement-fixation test (Purcell et al., 1967; Fallon & Jackson, 1967) . Other serotypes may well await discovery.
It is obvious that mycoplasmas are widely distributed in nature and, because of their ability to give rise to latent infections, they present a very real problem to the worker performing experiments either with animals or with tissue cultures. Any result suggesting the isolation of a new infective agent or the production of disease must be viewed in the light of the experience of many earlier workers that their observations were due to unrecognised mycoplasma infections. Finally, the isolation of a mycoplasma using tissue culture techniques must always be less satisfactory than direct isolation on solid artificial medium.
